and their levels of expression were similar to those observed in the wild type and the recG mutant under normal conditions [16] .
The expression of these three genes from the pathogenic P. aeruginosa PAO1 strain, which are well-known for stress defense and antibiotics resistance [2, 8, 12] , were examined in the present study. Homologs of the ttgA, mexE, and ohr genes in the P. aeruginosa genome are mexE (PA2493), ohr (PA2850), and ttgA (which is annotated as mexA (PA0425)), respectively. To validate our previous transcriptome data and the effect of recG deletion under oxidative stress condition, quantitative real-time PCR (qRT-PCR) was carried out in the wild-type and recG mutant strains (Washington University Genome Center, USA) under CHP condition. For qRT-PCR, total RNA was extracted using the RNeasy Mini kit (Qiagen, USA) from wild-type and recG mutant cells that were untreated or treated with 3 mM CHP for 15 min. qRT-PCR was performed using the iCycler iQ real-time PCR detection system (Bio-Rad, USA). The expression level of each gene was normalized to that of 16S rRNA, which was amplified using the 16s rRNA-341F (5'-CCT ACG GGA GGC AGC AG-3') and 16s rRNA-534R (5'-ATT ACC GCG GCT GCT GGC A-3') primer pair. The relative quantifications were performed in triplicate. The expression levels of the mexA and ohr genes under CHP treatment were RecG-dependent (Figs. 1A and 1B) ; however, that of the mexE gene was not consistent with Pseudomonas putida transcriptome data (Fig. 1C) for reasons that are unclear. The regulation of mexA gene expression by RecG was therefore examined in greater detail.
The mexA gene is located in the mexAB-oprM operon, which encodes a resistance-nodulation-cell division-type multidrug efflux system [6] . The MexAB-OprM efflux pump plays an important role in intrinsic multidrug resistance in P. aeruginosa [4, 13] . The mexAB-oprM operon is controlled by three transcriptional regulators (MexR, NalD, and NalC) [4, 10, 14] ; among them, MexR and NalD bind directly to the mexA promoter and regulate its expression [7] . MexR is reported to bind to two sites in the mexR-mexA intragenic region as a dimer [5] . The putative NalD binding site is the second promoter upstream of MexA [10] . The putative RecG binding site does not overlap with other regulatory protein binding sequences (Fig. 2) . We investigated whether RecG can also regulate mexA expression in a novel type of regulatory interaction.
Specific features of the RecG helicase are responsible for its binding to the palindromic sequences of the OxyR binding site [16] . We therefore analyzed the sequence upstream of the mexA gene. The consensus palindromic sequence was found 10/35 downstream of the mexA gene (Fig. 2) . We speculated that the resolution of this palindromic region by RecG is important for controlling mexA transcription. RecG-dependent expression of mexA was confirmed by northern blot analysis under CHP conditions (Fig. 3A) , and was consistent with the qRT-PCR result (Fig. 1A) . Furthermore, OxyR-independent expression of the mexA gene was verified by qRT-PCR using the oxyR mutant (Fig. 3B) . The relative expression levels of mexA in the wild type, recG mutant, and oxyR mutant under CHP condition increased 3.35-, 1.8-, and 3.15-fold, respectively, compared with the normal condition. These data demonstrate that the full expression of mexA under CHP conditions is RecG (but not OxyR)-dependent.
To test the direct regulation of the mexA gene by RecG, purified polyhistidine-tagged RecG was used in an electrophoretic mobility shift assay (EMSA). The recG gene was amplified by PCR using the recG OE-F (5'-GCG GAA TTC ATG ACC GAG CTG TCC AGG GTC-3') and recG OE-R (5'-CGC AAG CTT GCC AGT GCG CCA GGA GGG ATT G-3') primers and was cloned into the restriction sites of the pET-28a(+) vector. The vector was transformed into E. coli BL21 (DE3), and RecG-His expression was induced with 0.5 mM IPTG. Cell pellets were resuspended in buffer A (50 mM Tris-Cl and 1 mM DTT, pH 7.5), and disrupted via sonication. The soluble fraction was loaded onto a
Fig. 1. Expression analysis of putative RecG target genes.
Relative gene expression levels in wild-type (WT) and recG mutant (∆recG) P. aeruginosa were quantitated by qRT-PCR without or following a 15 min treatment with 3 mM CHP. The expression levels of (A) mexA (PA0425), (B) ohr (PA2850), and (C) mexE (PA2493) were normalized to that of 16S rRNA. Error bars represent the standard deviation (SD) from triplicate experiments.
1 ml His-trap Ni-NTA column (Amersham Bioscience/GE Healthcare, UK) as previously described [16] . All purification steps were conducted at 4°C using an AKTA FPLC system (Unicorn 4.0; Amersham Bioscience/GE Healthcare, UK).
EMSA was conducted as previously described [16] . Briefly, the mexR-mexA intergenic region (280 bp) was amplified by PCR. The product was dephosphorylated and labeled with [γ-32 P] ATP by T4 polynucleotide kinase. The reaction mixture (total 20 ml) containing the probe DNA, purified RecG, loading buffer, and polydI-dC (1 µg) in binding buffer (10 mM Tris, 2 mM MgCl 2 , 10% (v/v) glycerol, and 75 mM KCl, pH 7.5) was incubated for 30 min at room temperature. The resultant complexes were analyzed by electrophoresis on 5% polyacrylamide gels for 2 h at 120 V. Imaging plate autoradiography was carried out using a Multiplex Bio-Imaging System (Fujifilm, Japan). The EMSA data showed that RecG could bind to the mexA promoter region (Fig. 4A) . Protein-DNA complex formation increased as a function of RecG concentration; conversely, when an excess of non-labeled DNA was added, the amount of binding decreased (Fig. 4A) , confirming that the binding of RecG to the mexA promoter is specific. Given that the RecG helicase and single-stranded binding protein (SSB) work together according to our previous model [16] and that SSB is required for RecG function [1] , we performed an additional binding test using commercial SSB from E. coli (New England Biolabs, USA), which confirmed that the mexA gene promoter binds and is likely controlled by RecG and SSB (Fig. 4B ). In conclusion, the results of this study demonstrate that the RecG helicase is necessary for full expression of the OxyR-independent mexA gene. RecG and SSB bound to the palindromic sequence in the mexA gene promoter region. These data reveal a novel mechanism underlying RecG-mediated transcriptional regulation of the OxyR-independent mexA gene in P. aeruginosa PAO1. acid was added to all binding reactions.
